The aqueous chemistry of phosphorus is dominated by P(V), which under typical environmental conditions (and depending on pH and concentration) can be present as the orthophosphate ions 4 0 H 3 PO (aq) , 4 − H 2 PO (aq) , 4 2− HPO (aq), or 4 3− PO (aq). Many divalent, trivalent, and tetravalent metal ions form sparingly soluble orthophosphate phases that, depending on the solution pH and concentrations of phosphate and metal ions, can be solubility limiting phases. Geochemical and chemical engineering modeling of solubilities and speciation requires comprehensive thermodynamic databases that include the standard thermodynamic properties for the aqueous species and solid compounds. The most widely used sources for standard thermodynamic properties are the NBS (now NIST) Tables (from 1982 and earlier; with a 1989 erratum) and the final CODATA evaluation (1989). However, a comparison of the reported enthalpies of formation and Gibbs energies of formation for key phosphate compounds and aqueous species, especially 4 − H 2 PO (aq) and 4 2−
marine origin, and are the major commercial source of phosphorus. Autunite-group minerals such as Ca(UO 2 ) 2 (PO 4 ) 2 ·3H 2 O(cr) have been proposed as solubility-limiting phases for uranium in soils and sediments contaminated with uranium and, along with uranyl silicates, are the solubility limiting phases for secondary minerals produced by the oxidative weathering of natural UO 2 (s) [9] .
Orthophosphate is also a component of many standard pH buffers. The presence of excess amounts of phosphate and polyphosphates, largely from agricultural runoff and treated sewage, gives rise to increased rates of eutrophication in natural waters.
Phosphate is an essential component of biological systems, being present for example in bone, DNA, RNA, ADP, and ATP.
In order to model the solubility of sparingly soluble orthophosphate minerals and the speciation of phosphorous in natural waters, a comprehensive thermodynamic database is required for its aqueous species, especially for their standard thermodynamic properties.
Although the aqueous chemistry of phosphorus is dominated by P(V), it is quite complicated. Orthophosphoric acid, H 3 conditions including the orthophosphite ion 3 3− PO (aq) and its hydrolyzed forms, and the phosphite ion 2 3− PO (aq) and its hydrolyzed forms; both H 3 PO 3 and H 3 PO 2 are obtained as minor by-products during the combustion of P(cr) by O 2 (g). Because of this multiplicity of aqueous valence states and polymeric and hydrolyzed species, the characterization of the chemical thermodynamic properties of phosphorus is more difficult than for many other elements.
Rossini et al. [10] C . These tables were subsequently extended and updated by groups of elements in the NBS Technical Note 270 series, e.g., reference [11] . All 8 of the Technical Note 270 series of reports (published between 1965 and 1981) were later combined, with minor corrections, and converted from units of calories to joules [12] .
A more recent and widely accepted evaluation of standard values of ∆ f H m o and S m o {and of values of H°(298.15 K) -H°(0) for pure phases} is the 1989 CODATA evaluation [13] . Grenthe et al. [14] have subsequently calculated values of ∆ f G m o and their uncertainties from the CODATA results and gave some additional evaluations.
The CODATA recommended results for phosphorus are limited to P(cr, white), 4 − H 2 PO (aq) , Lewis [15] , Schumm et al. [16] and Birley and Skinner [17] . All of the evaluations described in this and the preceding paragraph [10] [11] [12] [13] [14] are restricted to 298.15 K.
Gurvich et al. [18] reported critically assessed thermodynamic properties for various pure compounds (solids, liquids, gases) to high temperatures. The NIST-JANAF tables [19] report thermodynamic properties to very high temperatures, which for phosphorus are restricted to P(cr), P(l), P(g), P 4 O 10 (cr), P 4 O 10 (g), and PCl 5 (g).
Barin's [20] values for P 4 O 10 (cr) and P 4 O 10 (g) are essentially identical to the NIST-JANAF values, whereas those of Gurvich et al. [18] show some differences and their reported enthalpies of formation of P 4 O 10 (cr), and P 4 O 10 (g) in their tables are given with the wrong sign. The Circular 500 [10] gave a list of references for source papers used for these evaluations but did describe the calculations. In contrast, the NBS 270 series of reports [11] and the combined tables [12] provide no information about the evaluations or source papers for the thermodynamic data. The CODATA evaluations [13] include a list of references and evaluated results for most of the reactions used in the evaluations. However, the CODATA report does not contain a discussion of the origin of differences between their evaluated thermodynamic values and those given in the earlier evaluations [10] [11] [12] , nor to the best of our knowledge has one been published elsewhere in the open literature.
Because of these significant differences in evaluated thermodynamic values among these published thermodynamic databases for phosphorus, combining values from different databases runs the risk of introducing significant inconsistencies into thermodynamic modeling calculations. The NBS [12] and CODATA evaluations [13] are presently widely used in constructing thermodynamic databases for geochemical and engineering modeling calculations (generally supplemented by values for additional compounds and aqueous species). For example, the CODATA values are an integral part of the thermodynamic assessments for the Nuclear Energy Agency's Thermochemical Data Base project [14, 21] and the extension to radionuclides at Pacific Northwest National Laboratory [22] . Weber et al.'s evaluation for orthophosphates [23] is tied to the CODATA values at 298.15 K but is then based on a commercial database at higher temperatures, and they note that the two databases are not consistent in all cases and may require adjustment of some standard thermodynamic values when used in combination. The NBS values were used to fix some of the 298.15 K standard thermodynamic values for the SUPCRT92 software package [24] (but there are some minor differences mainly resulting from unit conversion and round off in the SUPCRT92 values as exemplified in the slop98.dat data file; see also the paper by Shock and Helgeson [25] ). Alberty's [26] database for the Gibbs energy of formation of biochemically-relevant species at 298.15 K is based on the CODATA values for the orthophosphate ions and H 2 O(l), but on the NBS tables for other inorganic and some organic species.
In this report we examine the origin of differences between the NBS/NIST and CODATA evaluations for key compounds and aqueous species of phosphorous that apear in both evaluations. We also re-evaluate the standard entropies of the 
Examination of the origin of differences between the NBS (1982 and earlier) and the CODATA (1989) evaluations for phosphorus
Differences among values of evaluated thermodynamic properties can arise from [12] and those calculated in the NEA reviews [14, 21] from information from the CODATA report [13] and additional evaluations are given in Table 1 , and differ by ∆(∆ f G m o ) = 6.83 ± 0.06 kJ·mol -1 where the uncertainty is the 95% confidence limit. This nearly constant difference between the ∆ f G m o values implies that the dissociation constants of orthophosphoric acid used in the NBS evaluation are identical or nearly so to those described in the CODATA evaluation. If a similar examination is made of the ∆ f H m o values summarized in Table 1 , there is a systematic
where the uncertainty is the 95% confidence limit, which agrees with the ∆(∆ f G m o ) value within these uncertainty limits. However, these variations for ∆(∆ f H m o ) may imply that the enthalpies of dissociation of the acidic protons of H 3 PO 4 (aq) used in the NBS evaluations (which are not known to us) are different from those used in the CODATA evaluations that are described in reference [13] .
Because the ∆ f H m o values for in the CODATA and NEA evaluations [13, 14] were based on thermodynamic cycles that include P 4 O 10 (cr) and PCl 5 (cr), it is reasonable to expect that similar thermodynamic cycles were used in the NBS evaluations [11, 12] . However, the values of ∆ f H m o (PCl 5 , cr, 298.15 K) from the two evaluations are very close as shown in Table 1 , and therefore thermodynamic calculations involving this compound could only account for a very small fraction of the observed differences for the enthalpies of formation of the aqueous species. It is more likely that the observed differences are the result of differences between different sources for the enthalpies of combustion of P(cr) to yield H 3 
From the results summarized in Table 1 for the NBS [12] and CODATA-based [13, 14] An examination of all of the source papers cited in the CODATA evaluation [13] identified only one that reported the value ∆ f H m o (P 4 O 10 , cr, 298.15 K) = -2984.0 kJ·mol -1 that is identical to the value given in the NBS tables [11, 12] . This value, taken from the study of Holmes [28] , was not used in the CODATA evaluation.
Although the calculations and references are not given in the NBS evaluations, Dr.
Donald G. Archer of NIST/Gaithersburg [29] was able to locate information that confirms that the paper of Holmes was the source of the NBS value for ∆ f H m o (P 4 O 10 , cr, 298.15 K). As discussed by Head and Lewis [15] and Irving and McKerrell [30] , that result reported by Holmes now appears to be discredited. Head and Lewis [15] re-determined the enthalpy of combustion of P(cr) and Irving and McKerrell [30] combined their enthalpy of solution of P 4 O 10 (cr) with the enthalpy of combustion results of Egan and Luff [27] ; their consistent results also agree well with that obtained from the enthalpies of formation and hydrolysis of PCl 5 (cr) [16, 17] .
The examination given here implies that the evaluated values of standard thermodynamic properties for the NBS evaluations [11, 12] are probably systematically in error because of the use of a questionable enthalpy of combustion enthalpy datum [28] in their evaluation;
consequently, the corresponding CODATA values [13] are probably more reliable.
A complete re-evaluation of the standard thermodynamic properties of all of the aqueous orthophosphate species and phosphorus compounds evaluated in the CODATA effort [13] is beyond the scope of the present report. We are not aware of recommend that the evaluated enthalpies of formation reported in the CODATA evaluation be retained. In the CODATA evaluation [13] the standard entropies of the aqueous species A consistency check can be made using information not considered in the CODATA review [13] . The second acidic dissociation reaction of H 3 PO 4 can be written as: should be fairly reliable.
Examination and extension of the

Some effects resulting from inconsistencies between thermodynamic databases
As discussed above and illustrated in presents an additional concern in taking evaluated thermodynamic values from other than original sources. We note that the thermodynamic properties of the allotropic forms of phosphorus have been recently discussed in detail by Schlesinger [54] .
Although white phosphorus is not the thermodynamically stable allotrope, the red and black forms are difficult to prepare in pure form, which makes them less suitable for quantitative thermodynamic measurements.
The difference of ∆(∆ f G m o ) = 6.83 ± 0.06 kJ·mol -1 found between the Gibbs energies of formation CODATA [13] and NBS [12] evaluations for the protonated and non-protonated orthophosphate ions could yield large errors in solubility predictions if data from these databases or sources derivative to them were combined without properly accounting for differences between the two evaluations. Using Although our assessment of the published databases for orthophosphate species led us to conclude that the CODATA values are probably the best, they are limited to certain "key" compounds and aqueous species at 298.15 K. The Nuclear Energy has been extending the CODATA effort to include many more compounds and aqueous species [14, 21, 55] , but these newer evaluations are limited mainly to those of relevance to radioactive waste management. These extensions include the aqueous "diphosphate" or "pyrophosphate" ions of various degrees of protonation. We recommend strongly that this effort be continued and extended to include many of the natural minerals and additional relevant aqueous species such as the monoflurophosphate ion, PO 3 F 2-.
Summary
The combined NBS tables [12] and the CODATA tables [13] value of the enthalpy of combustion of P(cr) from the study of Holmes [28] . We conclude that the thermodynamic values reported in the CODATA tables [13] and the extension of these results by the NEA [14, 21] are more reliable than the NBS values. Units of calories were converted to joules using 1 cal th = 4.1840 J. 
